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Fibril toxicityThis work aims at elucidating the relation between morphological and physicochemical properties of different
ataxin-3 (ATX3) aggregates and their cytotoxicity. We investigated a non-pathological ATX3 form (ATX3Q24),
a pathological expanded form (ATX3Q55), and an ATX3 variant truncated at residue 291 lacking the polyQ
expansion (ATX3/291Δ). Solubility, morphology and hydrophobic exposure of oligomeric aggregates were
characterized. Then we monitored the changes in the intracellular Ca2+ levels and the abnormal Ca2+ signaling
resulting from aggregate interaction with cultured rat cerebellar granule cells. ATX3Q55, ATX3/291Δ and, to a
lesser extent, ATX3Q24 oligomers displayed similar morphological and physicochemical features and induced
qualitatively comparable time-dependent intracellular Ca2+ responses. However, only the pre-ﬁbrillar aggre-
gates of expanded ATX3 (the only variant which forms bundles of mature ﬁbrils) triggered a characteristic
Ca2+ response at a later stage that correlated with a larger hydrophobic exposure relative to the two other
variants. Cell interaction with early oligomers involved glutamatergic receptors, voltage-gated channels and
monosialotetrahexosylganglioside (GM1)-rich membrane domains, whereas cell interaction with more aged
ATX3Q55 pre-ﬁbrillar aggregates resulted in membrane disassembly by a mechanism involving only GM1-rich
areas. Exposure to ATX3Q55 and ATX3/291Δ aggregates resulted in cell apoptosis, while ATX3Q24 was substan-
tially innocuous. Our ﬁndings provide insight into the mechanisms of ATX3 aggregation, aggregate cytotoxicity
and calcium level modiﬁcations in exposed cerebellar cells.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Several humanneurodegenerative diseases, including spinocerebellar
ataxia type 3 (SCA3), Huntington's disease and spinobulbar muscular
atrophy (SBMA), are associated with the genetic expansion over a
deﬁned threshold of CAG triplet repeats in the encoding genes [1–3].SBMA, spinobulbar muscular
ebellar granule neurons; ThT,
MPA-R, α-amino-3-hydroxy-5-
methyl-D-aspartate receptor;
-nitroquinoxaline-dione; APV,
hexosylganglioside; BSA, bovine
cal Experimental and Clinical
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ntini).
ights reserved.The presence of the resulting pathological polyQ expansion in the
encoded proteins favors their polymerization into aggregates
displaying amyloid-like morphological and biophysical properties,
whose time of appearance seems directly related to the expansion
length [1,4,5].
Ataxin-3 (ATX3), the causative agent of SCA3, is a 42-kDa, mainly
cytosolic, protein containing an N-terminal Josephin domain (JD)
(amino acid 1–182) and a polyQ stretch in the C-terminal region
whose expanded pathological variants are responsible for the disease.
Both domains appear involved in protein aggregation since it was
previously shown that the JD has an intrinsic amyloidogenic potential
and expanded ATX3 aggregation occurs through a two-stepmechanism
involving Josephin self-association, followed by a polyQ-dependent
stage [6–8].
Similarly to amyloid aggregates of other peptides/proteins [9–14],
early oligomers of polyQ aggregates are considered the primary species
responsible for cell toxicity [15,16] which, at least in part, results from
biochemical alterations in the affected neurons involving disruption of
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from the interaction of the earliest assemblies in the aggregation path
with the cell membrane either directly (reviewed in [18]) and/or
mediated by speciﬁc membrane proteins [19,20]. In particular, we
have previously reported that amyloid-like oligomers of HypF-N,
the N-terminal domain of the Escherichia coli hydrogenase matura-
tion factor F, which is not involved in any amyloid disease, are
toxic to rat brain neural cells similarly to Aβ peptides [21,22].
These oligomers interact with glutamatergic receptors of primary
rat cerebellar granule cells inducing a detrimental Ca2+ inﬂux from
the medium [19] with a mechanism comparable to that observed
by exposing rat hippocampal neurons to Aβ oligomers [20]. These
similarities provide support to the hypothesis that amyloid interac-
tion with the cell membrane bilayer and/or membrane receptors
and the resulting permeabilization is a basic behavior of amyloid
oligomers associated with a shared conformational motif in the ag-
gregates [23,22].
A theme of growing interest in the amyloid science is the relation
between amyloid structure and cytotoxicity. Recent ﬁndings on
the biophysical and structural features of aggregates of the same
peptide/protein or its variants grown at different conditions both
in vitro and in tissue suggest a close relation between the environ-
mental physicochemical properties where protein aggregation
occurs and those of the resulting aggregates [24]; those data provide
a basic explanation of amyloid aggregate polymorphisms and the
resulting variable cytotoxicity [25–30].
The data on amyloid polymorphisms involve a growing number
of peptides/proteins either associated or not-associated to amyloid
diseases, including Abeta peptides, α-synuclein, prion proteins,
huntingtin and HypF-N. Accordingly, amyloid polymorphism has
become one of the leading themes in the ﬁelds of amyloid structure
and cytotoxicity (reviewed in [31]). However, in spite of the increas-
ing importance of the theme, the occurrence of structurally different
amyloid aggregates of ATX3 and their structure–toxicity relation-
ship has not been reported yet.
To shed light on the mechanism(s) of ATX3 toxicity, in the present
work we investigated several ATX3 variants: a non-pathological form
(ATX3Q24), a pathological expanded form (ATX3Q55), and a derivative
truncated at residue 291 lacking the polyQ expansion (ATX3/291Δ). All
these forms aggregate into soluble amyloid assemblies which persist
under aggregating conditions at 37 °C, but only ATX3Q55 assembles
into bundles of elongated mature ﬁbrils after 48 h of incubation under
aggregation conditions [32]. We here provide data on ATX3 polymor-
phisms. In particular we investigated the relation between themorpho-
logical and physicochemical properties of aggregates grown from ATX3
with normal or pathological polyQ expansions, their different inter-
actions with neuronal cell membranes and the mechanisms of the
resulting intracellular Ca2+ increase, an important, yet poorly investi-
gated aspect of polyQ aggregate toxicity.2. Materials and methods
2.1. Production and puriﬁcation of ATX3 variants
Full length ATX3Q24 and ATX3Q55 were cloned, expressed and
puriﬁed as previously described [32] with minor modiﬁcations. Brieﬂy,
His-tagged proteins were afﬁnity-puriﬁed and then chromatographed
in PBS buffer on a Superose 12 10/300GL column (GE Healthcare
LifeSciences, England) at a ﬂow rate of 0.5 ml/min. The truncated form
ATX3/291Δ was cloned and puriﬁed as previously reported [33].
Protein-containing fractions were pooled and stored at −20 °C.
The ATX3 variants were centrifuged at 15,000 ×g for 15 min at 4 °C
immediately prior to use. Protein contentwas determined byCoomassie
brilliant blue G-250 (Pierce Biotechnology, Rockford, IL) using BSA as a
standard protein.2.2. Cell preparation
Cerebellar granule neurons (CGNs) were prepared from 8 day-
old Sprague–Dawley rats (Harlan, Italy) as previously described
[34] and used from the 6th to the 10th day of culture (after the 1st
or the 2nd day of culture in the experiments on immature neurons).
Experiments with animals were carried out according to interna-
tional guidelines on the ethical use of animals and every effort
was made in order to minimize the number of animals used and
their suffering.
2.3. Fluorescence measurements
Fluorescence experimentswere performed and analyzed as described
previously [19]. The KCl depolarizing solution (75 mM, a concentration
which causes maximum [Ca2+]i rise by opening all types of voltage-
gated calcium channels VGCC) [35], was prepared by equimolar substitu-
tion of NaCl. Cell response to NMDA was measured in 100 mM NMDA
and 50 mM glycine, in the absence of Mg2+. In some experiments,
50 mM CdCl2 or 1.0 mM MgCl2 were added to block VGCC or NMDA
channels, respectively. In the Ca2+-free solution, 2.0 mM EGTA was
present in place of CaCl2.
2.4. Labeling with Texas red
Aggregate internalization was detected by incubating cultured cells
for 24 h with protein aggregates labeled with Texas red, as reported
previously [36].
2.5. Apoptosis detection
To detect apoptosis, CGNs were exposed for 1 h or 4 h to 0.8 μM
(monomer protein concentration) ATX3 aggregates aged for 24 h or to
vehicle. Then, the cells were ﬁxed with cold (−20 °C) methanol and
their nuclei were stained upon incubation for 30 min with 1.0 μg/ml
bisbenzimide (Hoechst 33258, Mol. Probes, Invitrogen), washed three
times and analyzed for condensed or disrupted nuclei by a ﬂuorescence
microscope. At least 250 cells/coverslip were analyzed and the experi-
ments, performed in duplicate, were repeated at least twice.
2.6. Sialic acid cleavage from membrane GM1
CGNs were starved by incubation with DMEM serum-free media for
3 h at 37 °C, left for 2 h in the presence of a mixture of Vibrio cholerae
(11,7 mU) and Clostridium perfringens (100 mU) neuraminidase
(Sigma Aldrich), washed and incubated with Oregon Green [19].
2.7. Confocal analysis
CGNswere exposed for 10 min to variously aged 0.8 μMATX3/291Δ,
ATX3Q24 or ATX3Q55 aggregates and ﬁxed as described previously
[19]. Then the cells were double immunostained by incubation for
1 h at room temperature with a mouse monoclonal anti-AMPA-R
(Chemicon) or NMDA-R (SantaCruz) Ab and a rabbit polyclonal
anti-ATX3 Ab in blocking solution (PBS containing 0.5% BSA and
0.2% gelatin). The immunoreaction was revealed with Alexa 488
or Alexa 568-conjugated anti-rabbit or anti-mouse secondary Ab
(Molecular Probes) diluted 1:400 in PBS. GM1 labeling was performed
by incubating the cells with 10 ng/ml Alexa 488-conjugated CTX-B
(Molecular Probes) in complete medium for 20 min at 37 °C. Cell
ﬂuorescence was visualized and analyzed as described above [19].
2.8. Atomic force microscopy
The ATX3 variants (25 µM protein concentration in PBS) were ag-
gregated at 37 °C. ATX3 samples at ﬁxed aggregation times were
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100-fold and 400-fold dilutions were used for samples diluted
before deposition on mica,
Drive frequencies in the 240–300 kHz range and scan rates in the
0.6–2.0 Hz range were used. Aggregate height was measured from the
height in cross-section in the topographic AFM images as described
previously [24,32].2.9. Physicochemical characterization of ATX3 aggregates
The Thioﬂavin T (ThT) assay was used to monitor the progress
of protein aggregation as previously reported [32] by incubating
25 μMATX3 variants in PBSwith 20 μMThT at 37 °C. Changes in hydro-
phobic exposure during protein aggregation were detected by measur-
ing 8-anilino-1-naphthalenesulfonic acid (ANS) extrinsic ﬂuorescence,
which rises on interaction with exposed hydrophobic patches [37,38].
The ATX3 variants (25 μM protein concentration) were incubated
in PBS buffer at 37 °C and mixed at the indicated times with
2.0 μM ANS. The soluble species were obtained by sample centrifu-
gation at 20,000 ×g for 15 min. In all cases, the protein was diluted
in the presence of ANS to a ﬁnal 2.0 μM concentration. Sample
ﬂuorescence was recorded in a Cary Eclipse instrument (Varian,
Palo Alto, CA) at 374 nm excitation and 400–600 nm emission and
expressed as the peak intensity in 1-cm path length quartz cuvettes.
All data were collected at room temperature.3. Results
3.1. Morphological characterization of ATX3 aggregation intermediates
Our aim was to better elucidate the mechanisms of toxicity of ATX3
aggregates grown at different aggregation times. Therefore, we ﬁrst
carried out preliminary in vitro studies to ensure that we could repro-
duce previous observations [6–8,32] on ATX3 variants with polyQ
expansions of varying lengths (depicted in Fig. S1) and investigated
the behavior of the truncated form, ATX3/291Δ. In particular, the
aggregation kinetics at 37 °C of the ATX3 variants over a time span
of 70 h assessed by ThT (Fig. S2a), yielded proﬁles in good agree-
ment with previous reports [6–8,32]. Next, different ATX3 variants
incubated at 37 °C were imaged by tapping mode AFM as a function
of the aggregation time (Fig. 1). At early stages of ATX3Q55 aggrega-
tion, isolated globular particles, most likely protein oligomers, were
seen; after 6 h of aggregation, the AFM analysis showed isolated
oligomers coexisting with partially coalesced oligomers (Fig. S3a).
A heterogeneous morphology was observed in the ATX3Q55 sample
aged for 14 h, where isolated and coalesced oligomers as well as
large clusters of aggregates were seen (Fig. S3b,c). The ﬁrst bundles
of ﬁbrils appeared after 24 h and became very abundant after 48 h
(Figs. 1 and S3d). The inset in Fig. S3d shows the insoluble ﬁbrillar
fraction recovered after sample treatment with SDS and centrifuga-
tion. ATX3Q24 and ATX3/291Δ behaved differently: within our
experimental aggregation times they grew into globular oligomers
and very short beaded protoﬁbrils (arrows in Fig. 1) without
forming ﬁbrils. These results match well with previous observa-
tions acquired by both TEM and AFM [39,8]. Fig. S2b compares the
heights of the oligomers grown from the different ATX3 variants
as a function of the aggregation time. The data reported for each
variant are restricted to the time interval in which oligomeric
structures were the prevailing aggregated species. On the whole,
our results conﬁrm that: i) although all the variants assayed under-
go aggregation, the rate increases with the size of the protein and
ii) only the expanded form gives rise to SDS-insoluble ﬁbrils that
pack into large bundles, whereas the two other forms do not exceed
the globular oligomer stage.3.2. ATX3 aggregates increase intracellular Ca2+ in rat CGNs
We then looked at the effects in vivo of all ATX3 variants at different
aggregation times. Since many amyloid oligomers affect Ca2+ homeo-
stasis and signaling in exposed cells, we monitored intracellular Ca2+
levels of CGNs exposed to ATX3Q55 oligomers aggregated for 4 h by
recording the ﬂuorescence intensity of cells loaded with Oregon
Green. Fig. 2a reports a typical time course of the average ﬂuorescence
intensity of exposed cells. The lower part of Fig. 2a shows the ﬂuores-
cence images of CGNs at the times indicated in the upper panel. The
ﬂuorescence response indicates a sudden rise of the intracellular free
Ca2+ followed by a slower drop. Themean duration of the ﬂuorescence
signal was 61 ± 8 s, while the maximal value was reached after about
20 s from the onset of the rise (Fig. 2a), a behavior we have indicated
as type 1 response. A very similar time course of Ca2+ rise was found
in cells exposed to ATX3Q55 aggregates grown at 37 °C for 2, 4 or 6 h
or to the protein at the earliest times of incubation. The amplitude of
the type 1 response and the number of cells where it was detected
were found to depend on the age of protein aggregates, increasing
with the age of the aggregates. This ﬁnding is particularly intriguing
and will be further discussed below.
Aggregates aged for longer times (14, 24 or 48 h) had heteroge-
neous morphologies and induced a more complex ﬂuorescence
response in the exposed CGNs. At these conditions, in addition to type
1 responses, we observed a much shorter spike-like response (type 2
response) with a mean time of 13 ± 1 s (Fig. 2a, inset). The occurrence
of either response appeared to depend on themorphology of differently
aged aggregates. To check whether the type 2 ﬂuorescence response
was related to the presence of ﬁbrillar or pre-ﬁbrillar assemblies like
those shown in Fig. 1, the soluble and insoluble fraction of 24 h-aged
ATX3Q55 aggregateswere separated by centrifugation. The soluble frac-
tion still elicited both type 1 and type 2 responses, whereas the insolu-
ble fraction, mainly composed of ﬁbrillar aggregates, was completely
inactive, suggesting that (i) theﬁbrillar fraction is unable to evoke either
response in the exposed cells and (ii) a signiﬁcant correlation does exist
between aggregate type (oligomeric or pre-ﬁbrillar) and the type and
amplitude of the ﬂuorescence response. Finally, in a Ca2+-free medium
no ﬂuorescence increase was recorded in cells exposed to ATX3Q55
aggregates, suggesting that the increased Ca2+ did not came from the
intracellular stores but, rather, from the extracellular medium.
Next, we investigated the ﬂuorescence response of CGNs exposed to
ATX3Q24 or to ATX3/291Δ aggregated at 37 °C for different times. Only
a type 1-like response was observed, very similar, though not identical,
to that seen in cells exposed to ATX3Q55 oligomers (Fig. S4). In cells
exposed to ATX3/291Δ aggregates, the ﬂuorescence signal reached a
maximum in about 10–15 s, with a mean duration of 70 ± 4 s;
ATX3Q24 displayed a maximum at a comparable time, while the
mean duration was 58 ± 2 s. Even in these cases, we did not record
any ﬂuorescence response in cells cultured in Ca2+-freemedium.More-
over, unlike ATX3Q55-exposed cells, the cells exposed to either
ATX3Q24 or to ATX3/291Δ aggregates displayed a ﬂuorescence signal
almost independent of the aggregation time, in agreementwith the sub-
stantial invariance of their morphology with the aggregation time. This
behavior can be explained by considering that at the earliest aggrega-
tion stages all ATX3 variants display similar intermolecular interactions
sustained by main chain hydrogen bonding, whereas only the polyQ-
expanded variant evolves into mature ﬁbrils, whose hallmark is hydro-
gen bonding among glutamine side chains [32,33].
After having determined the different behavior of different ATX3 ag-
gregates in terms of Ca2+ dishomeostasis in exposed cells, we sought to
correlate structural features of ATX3 aggregates to the physiological re-
sponses detected. To this end, wemonitored the progress of protein ag-
gregation by recording the changes in ANS ﬂuorescence, which is
related to protein hydrophobic exposure (for typical emission spectra,
see Fig. S5), at different aggregation times. At 24 h of aggregation, the
ﬂuorescence of the soluble fraction was also recorded (Table 1). During
Fig. 1. Tapping mode AFM images (height data) of the aggregates formed by the investigated ATX3 variants. Columns: representative images of aggregates imaged at t = 0; 6 h; 24 h;
48 h. Rows from top to bottom: ATX3Q55; ATX3Q24, ATX3/291Δ. Scan size 1.0 μm (left columns) and 2.2 μm (right columns). Z range (from left to right): ATX3Q55, 7 nm, 10 nm,
200 nm, 250 nm; ATX3Q24, 12 nm, 10 nm, 20 nm, 55 nm; ATX3/291Δ, 10 nm, 30 nm, 6 nm, 3 nm.
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differences among the three variants (Fig. S6). In particular, after 24 h,
the soluble fraction was about 65% of the initial value for ATX3Q55 and
80% for the two other forms.We found amoderate time-dependent ﬂuo-
rescence increase in the ATX3Q55 total fraction, while this increase was
negligible in the case of ATX3Q24 and ATX3/291Δ. After 24 h of aggrega-
tion the soluble fraction of ATX3Q55 displayed a substantially higher
ANS ﬂuorescence relative to the normal and the truncated form. Thus,
the increased exposure of hydrophobic patches of ATX3Q55 may result
from a different structural arrangement of the monomers and/or their
different mode of assembly into aggregates. In any case, at later stages
only ATX3Q55 can generate highly hydrophobic soluble assemblies
likely responsible for a type 2 response.
Taken together, these results suggest that: (i) mature ATX3 ﬁbrils
are unable to foster any calcium inﬂux in the exposed cells; (ii) type 1
responses occur in the presence of soluble oligomers whereas (iii) a
type 2 response occurs in the presence of soluble pre-ﬁbrillar assem-
blies representing a later aggregation stage. In line with this interpreta-
tion, ATX3Q24 andATX3/291Δ aggregateswhose structural features are
apparently similar to those displayed by ATX3Q55 at early aggregation
times, caused a nearly constant type 1 ﬂuorescence response (see the
following section).
3.3. Ca2+ increase in exposed cells depends on aging of ATX3Q55 oligomers
As reported above (Fig. 2a), we found that the ﬂuorescence response
of cells exposed to variously aged ATX3Q55 aggregates displayed a
different time dependence. However, this was only one of the factors
that characterize the intracellular Ca2+ increase in these cells. Two
additional parameters were important to fully describe the cell
response: (i) the mean value of the relative ﬂuorescence increase,ΔF/F and (ii) the percentage of exposed cells displaying increased
mean ﬂuorescence. Both parameters revealed that different aggre-
gates of the various protein variants were differently effective in
inducing free Ca2+ increase in the exposed cells. To describe better
the overall response of the aggregate-cell system in terms of intra-
cellular Ca2+ level modiﬁcation, we introduce the W(F) parameter
deﬁned as the product of ΔF/F and the percentage of cells displaying
a ﬂuorescence signal. W(F), which is also a function of the aggrega-
tion time can be a reliable indicator of the efﬁcacy of the aggregates
in inducing intracellular Ca2+ increases. Fig. 2b shows the W(F)
value as a function of the aggregation time t of the three ATX3 vari-
ants. Proﬁles I) and II) correspond to the type 1 response stimulated
by ATX3/291Δ and ATX3Q24 aggregates, respectively. In both cases,
ﬁbrillar structures are absent even after 48 h of aggregation and the
W(F) value remains substantially unchanged. Although the experi-
mental conditions may affect the absolute W(F) values, the fact
that they are relatively constant clearly conﬁrms that the physiolog-
ical effect of the two variants is not affected by the aggregation time.
In contrast to curves I) and II), curve III), corresponding to a type 1
response in cells exposed to ATX3Q55 aggregates, displayed a
remarkable time-dependent increase of the W(F) value, which
peaked around 6 h. However, at longer aggregation times, when
pre-ﬁbrillar and mature ﬁbrillar structures are increasingly present,
W(F) decreased along with the oligomer concentration, approaching
the values displayed by ATX3Q24 aggregates. In fact, as the aggrega-
tion proceeded, pre-ﬁbrillar structures, which induce a type 2
response, became increasingly more represented. Curve IV) shows
the trend of the W(F) value for a type 2 response. W(F) was zero
when the cells interacted with oligomers (up to 6 h of aggregation)
and increased at longer aggregation times, when pre-ﬁbrillar struc-
tures were increasingly enriched. The data from these experiments
Table 1
ANS ﬂuorescence of ATX3 variants during aggregation. The proteinswere incubated in PBS
at 37 °C and at the indicated times sampleswerewithdrawn andmixedwith ANS (2.0 μM
ﬁnal protein concentration). Soluble species are those found in supernatants of the
samples after centrifugation. At zero time, only soluble protein was present. The values
are the mean of at least three independent experiments ± standard deviations. See also
3159F. Pellistri et al. / Biochimica et Biophysica Acta 1833 (2013) 3155–3165are summarized in Table 1S. The staggered W(F) peaks in type 1 and
type 2 responses only in cells exposed to ATX3Q55 aggregates clearly
indicate that either response is evoked by different aggregates while
the other two variants showed no change in response with the
aggregation time.under Section 2.9 of Materials and methods.
Time (h) ATX3Q24 ATX3/291Δ ATX3Q55
Total Soluble Total Soluble Total Soluble
0 97 ± 4 93 ± 1 97 ± 2
8 97 ± 2 95 ± 1 97 ± 4
16 100 ± 3 98 ± 4 99 ± 5
24 101 ± 3 103 ± 6 100 ± 6 104 ± 4 105 ± 5 123 ± 73.4. ATX3 aggregates interact with the plasma membrane of rat CGNs at
speciﬁc sites
Next, we investigated themechanisms of plasmamembrane perme-
abilization to Ca2+ underlying the different responses triggered by cell
interaction with ATX3 pre-ﬁbrillar aggregates. To this end, we checked
whether ATX3Q55, ATX3Q24 and ATX3/291Δ aggregates interacted
with speciﬁc membrane regions, particularly those enriched inFig. 2. (a) Upper panel, time course of the relative ﬂuorescence intensity ΔF/F of cells
exposed to 4 h-aged ATX3Q55, showing a typical type 1 response (see text). Inset, typical
type 2 response (see text). Lower panel, ﬂuorescence images of granules loaded with
Oregon Green. Times corresponding to the capture of images 1–3 are indicated on the
ﬂuorescence curve in the upper panel. Scale bar 10 μm. (b) TheW(F) parameter is plotted
as a function of the aggregation time, for cells exposed to ATX3/291Δ (I), ATX3Q24 (II) or
ATX3Q55 aggregates (III, IV). (I, II, III) Type1 responses in cells exposed to ATX3oligomers,
(IV) type 2 responses in cells exposed to ATX3Q55 pre-ﬁbrillar and ﬁbrillar assemblies.
Errorswere calculated according to Student's statistics assuming a conﬁdence level of 95%.glutamatergic and voltage-gated (VGCCs) Ca2+ channels. The cells
were exposed to different ATX3 aggregates for 10 min, ﬁxed, perme-
abilized and checked for aggregate co-localization with NMDA-Rs,
GluR2/AMPA-Rs and VGCCs by double label confocal microscopy.
Figs. 3 to 5 show the membrane distributions of the AMPA-Rs,
NMDA-Rs and VGCCs (red channel) and the localization of the
different types of ATX3 aggregates (green channel), respectively.
We did not detect a massive internalization of the aggregates except
for ATX3/291Δ oligomers; in most cases we noticed that these
assemblies were embedded within the bilayer and only sporadically
did some of them appear bound to the inner leaﬂet of the plasma
membrane. The Pearson correlation coefﬁcient, the overlap coefﬁ-
cient and the Manders' coefﬁcients of channels A (green) and B
(red) were used tomeasure the degree of co-localization as reported
in Figs. 3, 4 and 5. The analysis suggests that an interaction between
AMPA-Rs and 6 h-aged ATX3Q55 oligomers or ATX3/291Δ oligo-
mers did occur (Fig. 3) and that such co-localization was strongly
reduced upon cell pre-incubation with CNQX (an AMPA-R inhibi-
tor). The co-localization between 24 h- and 48 h-aged ATX3Q55
aggregates and AMPA-Rs was only partial (Fig. 3) and quite modest
with NMDA-Rs (Fig. 4); the latter disappeared almost completely in
cells pre-treated with APV (an NMDA-R antagonist). Interestingly,
we did not record any major change of the AMPA-R ﬂuorescence
signal or of the redistribution of the receptor signal at the surface
of cells exposed to ATX3Q55 aggregates aged 6 h in spite of their
remarkable co-localization. These ﬁndings suggest that these oligo-
mers do not affect receptor trafﬁcking by endocytosis, as reported
in cells exposed to other pre-ﬁbrillar assemblies [40–42], leaving
substantially unchanged receptor abundance on the cell membrane.
However, we cannot exclude that the short time of cell exposure to
the aggregates before measurements (10 min) was not sufﬁcient
to cause any detectable alteration of receptor redistribution at the
cell membrane. Cell treatment with 24 h-aged ATX3Q24 aggregates
(Figs. 3 and 4) resulted in a substantial lack of association with
AMPA and NMDA receptors.
The Pearson's correlation and Manders' coefﬁcient showed remark-
able co-localization of ATX3Q55 and ATX3Q24 oligomers aged 6 h
with VGCCs (Fig. 5), in agreement with the ﬁnding that VGCC inhibition
reduced by 50%, the Ca2+ responses (see below). However, when the
cells were exposed to ATX3Q55 aggregates aged for 24 h or 48 h,
where heterogeneous species such as pre-ﬁbrillar aggregates and ﬁbrils
were present, we found a mild interaction of these assemblies with the
cell membrane but no co-localization with NMDA-Rs (Fig. 4). Finally, to
investigatewhether these aggregates had gained access to the cytoplas-
mic compartment, the cells were exposed for 10 min to the same aggre-
gates conjugated to Texas red. The data reported in Fig. S7, while
showing that these aggregates contact the cell membrane, exclude
any aggregate internalization within the investigated time.
Overall, the main results of this part can be summarized as follows:
i) the ATX3Q55 aggregate–AMPA receptor interaction was higher at
short aggregation times and disappeared in cells pretreated with an
AMPA-R antagonist, while only a mild interaction occurred with NMDA-
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times, and iii) nomassive internalization of the oligomers occurred (with
the exception of ATX3/291Δ) and neither were receptors internalized.3.5. Type 1 response to ATX3Q55 aggregates involves the activation of the
glutamatergic AMPA-Rs
Once assessed that our ATX3 aggregates were able to interact
with Ca2+ channels in the exposed cells, we checked whether the
glutamatergic AMPA-Rs were really involved in either type 1 or type
2 response, as suggested by the co-localization data. Therefore, we
repeated the ﬂuorescence experiments with cells exposed to ATX3Q55
aggregates in the presence of 10 μM CNQX, which hinders membrane
depolarization thus maintaining the NMDA-R block by Mg2+. We ﬁrst
analyzed the data related to the type 1 response. When the cells were
exposed to 6 h- or 24 h-aged ATX3Q55 aggregates in the presence
of CNQX, the W(F) value decreased by about 70 ± 10%; while W(F)
decreased by about 75% and 30% with 6 h- and 24 h-aged aggregates,
respectively, in the presence of APV, in agreement with the co-
localization data. Cell exposure to ATX3/291Δ or ATX3Q24 aggregates
in the presence of APV or CNQX yielded effects qualitatively similar to
the type 1 response, even though no evident differences between the
CNQX and APV effect were observed, suggesting a lower speciﬁcity
of the aggregate–receptor interaction (Fig. 6a). These results did not
exclude the possibility that the intracellular Ca2+ increase in
aggregate-exposed cells could result, at least in part, from activation
of voltage-dependent Ca2+ channels. Therefore, we performed ﬂuo-
rescence experiments, by adding to the cell culture medium 50 μM
Cd2+, a VGCC blocker. Cell exposure to 6 h-aged ATX3Q55 aggre-
gates in the presence of Cd2+ decreased the response by about
30%, whereas no signiﬁcant changes of W(F) were detected when
the cells were exposed to ATX3Q55 aged 24 h. A decrease by over
70% was recorded in cells exposed to ATX3Q24 aggregated either 6
or 24 h.
In contrast with these results, the type 2 response did not signiﬁ-
cantly change in the presence of CNQX or APV (Fig. 6a), suggesting
that this response, evoked by large soluble pre-ﬁbrillar aggregates, is
independent of the interaction between ATX3Q55 pre-ﬁbrillar struc-
tures and glutamatergic receptors. Rather, it can tentatively be ascribed
to some generic perturbation of the bilayer integrity with local disas-
sembly producing discontinuities that hinder membrane selective per-
meability. This interpretation agrees with the ﬁnding that ATX3Q55
is the only variant capable of generating highly hydrophobic soluble
aggregates.
Our experiments with channel inhibitors show that: i) the VGCC
partially participate in free Ca2+ rise in cells exposed to ATX3Q24
and early ATX3Q55 aggregates, ii) only oligomeric ATX3Q55 aggregates
affect AMPA-R and, to a minor extent, NMDA-R functionality, that is
impaired less speciﬁcally by ATX3/291Δ or ATX3Q24 oligomers, and
iii) these data along with the ANS data reported in Table 1 lead to the
conclusion that these oligomers, though morphologically similar, must
have distinct structural and physicochemical features underlying their
different behavior.
3.6. GM1 mediates the effects of ATX3Q55 and ATX3/291Δ aggregates
in CGNs
It is known thatmetabotropic glutamate receptors are raft-associated
membrane proteins [43] and that the sialic acid moiety of GM1, a key
raft component, is required for amyloid–membrane interaction [44,45].
Accordingly, to better elucidate mechanistically the cell membrane–Fig. 3. Confocal images of AMPA-Rs in cerebellar granule cells after exposure to ATX3Q55,
ATX3Q24 or ATX3/291Δ. The cells were exposed for 10 min to 0.8 μM (monomeric pro-
tein concentration)ATX3Q55 aggregates after 6 h, 24 h or 48 h of incubation under aggre-
gation conditions or to ATX3/291Δ or ATX3Q24 oligomers in the absence or in the
presence of CNQX. The cells were ﬁxed, permeabilized and stained by anti-ATX3 Ab
(green) and anti AMPA-R Ab (red). Colocalization was estimated using specially devel-
oped algorithms that calculate a number of respective coefﬁcients, such as Pearson's
correlation coefﬁcient, overlap coefﬁcient according toManders, and colocalization coefﬁ-
cients M1 and M2.
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aminidases to speciﬁcally cut the sialic acid component of GM1.
In neuraminidase-treated cells, the aggregate-driven Ca2+ inﬂux wasnoticeably reduced and type 2 responses elicited by pre-ﬁbrillar
ATX3Q55 aggregates were completely abolished (Fig. 6a). This observa-
tion strongly supports the hypothesis that electrostatic interactions are
the main forces driving aggregate adsorption to the cell surface at the
negatively charged sialic acid residues carried by raft GM1 that results
in some bilayer disassembly and non-speciﬁc permeabilization.
The importance of both glutamatergic receptors and membrane
gangliosides for membrane permeabilization by ATX3 aggregates was
further investigated by experiments performed on immature (DIV1,
DIV2) or mature (DIV8) cerebellar granule cells. Immature cells express
a reduced density of glutamatergic receptors and gangliosides that
increases with maturation. We found that immature cells displayed a
much lower sensitivity to ATX3 aggregates, as shown in Fig. 6b, which
compares the Ca2+ inﬂux resulting from cell exposure to NMDA with
that elicited by ATX3 aggregates in the three types of cells. Table 2S
reports these results in detail together with the Ca2+ inﬂux resulting
from depolarized cells. As expected, the W(F) value in cells exposed to
NMDA increased with cell maturation, suggesting a parallel increase
of the number of glutamatergic receptors (Fig. 6b) and conﬁrming
that the latter are involved in type 1 responses. This conclusion agrees
with the results obtained in the presence of APV and CNQX and with
the co-localization data. Interestingly, mature CGNs, but not immature
cells showed a type 2 response upon exposure to pre-ﬁbrillar assem-
blies in 24 h aged ATX3Q55 aggregates. Since type 2 responses are likely
due to the interaction of pre-ﬁbrillar aggregates with GM1, our data
conﬁrm the absence (or reduced abundance) of this lipid, and possibly
of raft domains, in immature CGNs, in agreement with data on imma-
ture hippocampal neurons [46].
In conclusion, the comparative study of ATX3Q55 oligomers
and large pre-ﬁbrillar aggregates shows a crucial difference in their
interaction with the cell membrane. In fact, oligomer interactions can
depend on several factors, including the presence of well structured,
GM1 enriched lipid rafts andmembrane protein components, including
glutamatergic receptors, whereas large pre-ﬁbrillar aggregates appear
to interact only with ganglioside-rich membrane sites, possibly lipid
rafts, without any interaction with raft proteins such as glutamatergic
channels.
3.7. ATX3Q55 and ATX3/291Δ aggregates induce apoptosis in CGNs
Finally, to explorewhether the intracellular Ca2+ risewas associated
with cytotoxicity, we checked by nuclear staining whether apoptosis
was activated in CGNs either untreated or exposed to ATX3 aggregates
for 1 h or 4 h. Cells were then ﬁxed, stained with Hoechst 33258
and observed under ﬂuorescence microscopy. Under these conditions,
apoptosis is detected as nuclear condensation or fragmentation charac-
terized by strong light blue ﬂuorescence, whereas spherical/oval nuclei
displaying moderate blue ﬂuorescence indicate viable cells. We found
that cell exposure to ATX3Q55 or ATX3/291Δ aggregates aged 24 h
induced a signiﬁcant increase of condensed and/or fragmented nuclei
as compared to untreated cells or to cells exposed to ATX3Q24 aggre-
gates (Fig. S8a, b). After exposure to 0.8 μM ATX3Q55 or ATX3/
291Δ aggregates aged 24 h, the number of apoptotic cells (calculat-
ed by measuring the percentage of condensed/fragmented nuclei
on total nuclei) was much higher than that observed in untreated
control neurons or in neurons exposed for 24 h to ATX3Q24 aggre-
gates (Fig. S8c) supporting severe or negligible cytotoxicity,
respectively.Fig. 4. Confocal images of NMDA-Rs in cerebellar granule cells after exposure to ATX3Q55,
ATX3Q24 or ATX3/291Δ aggregates. The cells were exposed for 10 min to 0.8 μM
ATX3Q55 aggregates after 6 h, 24 h or 48 h of incubation under aggregation conditions
or to ATX3/291Δ or ATX3Q24 oligomers in the absence or in the presence of APV. The
cells were ﬁxed, permeabilized and stained with anti-ATX3 Ab (green) and anti NMDA-
R Ab (red). Colocalization was estimated using specially developed algorithms that calcu-
late a number of respective coefﬁcients, such as Pearson's correlation coefﬁcient, overlap
coefﬁcient according to Manders, and colocalization coefﬁcients M1 and M2.
Fig. 5. Confocal images of VGCCs in cerebellar granule cells after exposure to ATX3Q55,
ATX3Q24 or ATX3/291Δ aggregates. The cells were exposed for 10 min to 0.8 μM
ATX3Q55 aggregates after 6 h, 24 h or 48 h of incubation under aggregation conditions
or to ATX3/291Δ or ATX3Q24 oligomers in the absence or in the presence of Cd2+.
The cells were ﬁxed, permeabilized and stained with anti-ATX3 Ab (green) and anti
VGCC Ab (red). Colocalization was estimated using specially developed algorithms that
calculate a number of respective coefﬁcients, such as Pearson's correlation coefﬁcient,
overlap coefﬁcient according to Manders, and colocalization coefﬁcients M1 and M2.
Fig. 6. (a, b) Fluorescence responses in cells exposed to 0.8 μM (monomeric protein con-
centration) ATX3Q55, ATX3Q24 or ATX3/291Δ aggregates aged 24 h. a) Percentage
change of theW(F) parameter with respect to the control for type 1 and type 2 responses
in the presence of CNQX, APV or neuraminidase. b) The W(F) parameter for immature
(DIV1 or DIV2) or mature (DIV 8) granule cells exposed to ATX3 aggregates or to NMDA
(for details see text).
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ﬁbrillar ATX3 assemblies, we separated the soluble and insoluble frac-
tion of 48-h aged aggregates by centrifugation. As expected, negligible
damage was found in cells exposed for 1 h to the ﬁbrillar fraction
(5 ± 1% apoptotic cells) with respect to the vehicle-exposed control
(1.5 ± 0.2% apoptotic cells) (data resulting from about 2000 cells
examined). By contrast, cell exposure for the same time to the soluble
fraction caused apoptosis of almost all cells. Altogether these results
indicate that ATX3Q55 and ATX3/291Δ soluble aggregates produce
cell damage and apoptosis.4. Discussion
Understanding the mechanisms by which amyloid aggregates
induce permeabilization of membranes causing cytotoxicity [47–49] is
of growing interest. However, no common consensus so far has been
reached on themolecular details of membrane disruption [50,51]. Inter-
estingly, amyloid-induced lipidmembranepermeabilization ismodulat-
ed by the lipid composition of the bilayer [52] and may signiﬁcantly
increase Ca2+ permeability by a generic mechanism involving local
disassembly of the bilayer itself [23]. Moreover, other experimentalﬁndings indicate that amyloid aggregates, particularly oligomers, can
also interact selectively with voltage-dependent Ca2+ channels or
glutamatergic receptors [53–55,19]. These receptors are required
for synaptic targeting of toxic Aβ oligomers [56], which results in intra-
cellular Ca2+ rise and subsequent biochemical modiﬁcations eventually
leading to dendritic dystrophy and neurodegeneration [57]. It has
therefore been suggested that Aβ oligomers bind to synapses in close
proximity to NMDA and AMPA receptors, whose deregulation disrupts
Ca2+ homeostasis and triggers oxidative stress [20], providing a molec-
ular basis for plasticity failure, synapse loss and memory dysfunction in
AD [58–60].
Much less information is currently available on the aggregate–
neurotoxicity relationship in polyQ diseases, which is quite complex
and only partially understood [61,62]. The proposed mechanisms
are based on both gain and loss of function, including some modiﬁ-
cation of membrane function and permeability. In the case of ATX3,
no direct involvement of the plasma membrane in such phenomena
has been reported; however the pathogenic expanded forms of ATX3
have been associated with different membrane-related effects, in-
cluding the interruption of synaptic transmission in Caenorhabditis
elegans [63], potassium channel dysfunction and depolarization of
resting membrane potential in PC12 cells [64], and increased inacti-
vation of voltage-activated potassium currents in Purkinje neurons
in a mouse model [65]. An expanded ATX3 also directly affected
Ca2+ signaling through association with type 1 IP3 intracellular cal-
cium release channels, sensitizing activation by IP3 and disrupting
calcium homeostasis in rat neuronal cultures [17].
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variants of the cytosolic protein ATX3 induce abnormal intracellular
Ca2+ increases in exposed neural cells and the underlying molecu-
lar mechanisms. In our experimental conditions, only the expanded
ATX3Q55 form grew into large pre-ﬁbrillar aggregates and mature
ﬁbrils,whereas the two other variants stopped at the stage of small olig-
omers apparently similar to the soluble aggregates appearing at the
beginning of ATX3Q55 aggregation; however, ANS ﬂuorescence mea-
surements showed that at later aggregation stages (24 h incubation),
the surface hydrophobicity of the latter was higher than that of the
two other variants.
ATX3Q55, ATX3Q24 and ATX3/291Δ aggregates trigger a transient
increase in the intracellular Ca2+ level of the exposed cells, resulting
from Ca2+ inﬂux from the external medium. The results, summarized
in Table 1S and Fig. 2b show that the value of the W(F) parameter was
substantially independent of the aggregation time when assaying
ATX3Q24 and ATX3/291Δ aggregates (Fig. 2b, curves I and II), which
retained the oligomeric form over the investigated aggregation times.
However, ATX3Q55 aggregates displayed a unique behavior eliciting
twodifferent time-dependent responses (Fig. 2) related to the aggregate
morphological and physicochemical features of differently aged aggre-
gates (Figs. 1 and S3). The highest values of Ca2+ inﬂux were observed
in cells exposed to samples enriched in oligomeric assemblies, whereas
the W(F) value declined in cells exposed to aged samples, enriched
in pre-ﬁbrillar and ﬁbrillar structures but with fewer oligomers.
These data are in agreement with the ability of the aggregates to induce
apoptosis, which was triggered by the soluble fraction of ATX3Q55
aggregated 48 h, whereas the precipitated ﬁbrillar material was sub-
stantially harmless. These data are in concordance with those showing
that the soluble but not the ﬁbrillar fraction of ATX3Q55 aggregated
48 h induced apoptosis. When type 2 responses became detectable
(Fig. 2b, curve IV), the W(F) values showed a staggered time course
with respect to the type 1 response, supporting the hypothesis that
the two responses were triggered by different types of aggregates.
At longer aggregation times, the isolated ﬁbrillar fraction of ATX3Q55
did not elicit any ﬂuorescence response; while a type 2 response was
induced by the soluble pre-ﬁbrillar assemblies.
The different effects of the early oligomers grown from the three
ATX3 variants is likely to result from their different intrinsic structural
features and biophysical properties, as detected by AFM, ThT and ANS
assays. In the ATX3Q55 variant, the expanded polyQ tract dramatically
favors irreversible aggregation and ﬁbril growth, an event related to
hydrogen bonding between glutamine side-chains [32]. Based on
these observations and on the results presented here, we suggest that
an expanded polyQ is needed to generate pre-ﬁbrillar, soluble aggre-
gates endowed with a distinctly higher surface hydrophobicity, a prop-
erty that correlates with the unique capability of the expanded form to
trigger type 2 responses. Amoderate Ca2+ unbalancewas detectedwith
ATX3Q24, as compared to that induced by the other variants; according-
ly, we expected much milder ATX3Q24 neurotoxicity with respect to
ATX3Q55 and ATX3/291Δ. This was conﬁrmed by the apoptosis results
summarized in Fig. S8c, where cells exposed to ATX3Q24 aggregates
displayed negligible damage compared to those resulting from expo-
sure to the other variants. The observed toxicity of the truncated form,
ATX3/291Δ, albeit lower than that of the expanded one, also deserves
some comment. A recent study showed that Tgmice either homozygous
or heterozygous for an ATX3 variant truncated at Gly259 developed
severe motor dysfunction and altered behavior followed by premature
death [66] suggesting that even the N-terminal region of ATX3 can
play a pathological role in agreement with our data. We have also
shown that truncation can speed up protein aggregation (Fig. S2a)
[33] possibly by unmasking aggregation-prone regions located in the
JD (unpublished results), most likely the stretches involved in the over-
all protein toxicity mechanism.
Our data suggest that aggregate neurotoxicity could be related to
either non-speciﬁc membrane permeabilization or aggregate bindingto speciﬁc membrane targets, while a pore-like mechanism priming
cell leakage seems unlikely, based on the results obtained by exposing
artiﬁcial bilayers to polyQ peptides [62]. In the presence of CNQX,
Ca2+ inﬂux was remarkably reduced suggesting AMPA-R involvement
in the permeability changes induced by ATX3Q55 oligomers (type 1
response), similarly to cells exposed to Aβ oligomers [58–60,67]. The
co-localization experiments support this hypothesis and show that
NMDA-Rs are involved in type 1 responses as well as suggested by
APV inhibition. Immature CGNs exposed to NMDA showed a rise of
theW(F) value with cell maturation, a process that results in a remark-
able increase in NMDA-R expression (Fig. 6b). Interestingly, the ﬂuores-
cence response of cells exposed to ATX3/291Δ and ATX3Q24 oligomers
in the presence of APV and CNQXwas similar, albeit not identical, to that
seen with ATX3Q55 oligomers. This result indicates a basic similarity in
the way the oligomers of the ATX3 variants interact with glutamatergic
receptors, whereas the subsequent cascade of events can be substantial-
ly different, resulting in apoptosis only for ATX3Q55 and ATX3/291Δ.
Finally, we have shown that voltage-dependent Ca2+ channels are
also involved in Ca2+ rise as indicated by the ﬂuorescence response to
early ATX3Q55 and ATX3Q24 aggregates in the presence of Cd2+, a
Ca2+ channel blocker, in agreement with the co-localization data,
while no changes were recorded when the cells were exposed to
24 h-aged aggregates.
Increasing evidence shows that lipid rafts play a crucial role
in amyloid-associated neurodegenerative diseases [68,69]. Our results
indicate that chemical modiﬁcation of GM1, a typical raft ganglioside,
with cleavage of its sialic acid moiety, signiﬁcantly reduced the type 1
response and completely abolished the type 2 response in cells exposed
to ATX3 oligomers. It therefore seems that the interaction of amyloid
aggregates with glutamatergic receptors and/or the membrane bilayer
requires well organized membrane rafts. In particular, GM1, and its
sialic acid moiety appear to be needed for optimal interaction of ATX3
oligomerswith the cell membrane, as previously reported for oligomers
of other peptides/proteins [44,46,70]. That lipid rafts and their glu-
tamatergic receptors are involved in the ﬂuorescence response to the
ATX3 oligomers is further supported by the increase in W(F) with
increasing maturity of exposed CGNs, where lipid raft organization as
well as NMDA-R expression rises (Fig. 6b and Table 2S).
The set of protein variants we chose for this study allowed us to
single out the contribution to the Ca2+ rise induced by early oligomers
from that of more complex soluble later pre-ﬁbrillar assemblies. In fact,
in the investigated time interval, these latter structures were formed
only by the ATX3Q55 variant and caused type 2 responses. These
responses were not affected by the presence of glutamatergic receptor
inhibitors such as APV or CNQX or by Cd2+, a blocker of voltage depen-
dent Ca2+ channels. We conclude that, unlike amyloid oligomers, pre-
ﬁbrillar assemblies arising later do not interact with glutamatergic
receptors or with Ca2+ channels but, possibly, with the charged sialic
acid moiety of raft GM1.
Taken together, our ﬁndings support the increasingly recognized
idea that the same protein can form structurally distinct aggregates
with different effects and toxicities to the exposed cells depending on
aggregation conditions, and on structural modiﬁcation of the aggregat-
ing protein. They also add to the body of knowledge highlighting the
importance of themembrane lipid composition and structural organiza-
tion for aggregate cytotoxicity, further highlighting the importance of
both oligomer and membrane properties in determining the extent of
the eventual toxicity to exposed cells.
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